LA-UR -83-990 @ CONF-YR0S20-~-3

il:yltb

LA-UR--83-990
750

DE83 011311

contract W.7403-ENG-3
Los Alamos National Laborsiory i 0peraied by the University of Celforng for the Unied States Departmenti of Energy unoer 8t

nte: PASSIVE RESEARCH AND PRACTICE

AUTHOR(S): J. DE]as Balcomb

SUBMITTED TO International Congress on Building Energy Management-11
May 30~dJune 3, 1983
Anes, lowe DISCLAIMER

This report was propared as an scoount of work sponsored by an agency of the United Siates
Governmeat. Neither the United States Government oor any ageacy thereol, aor auy of thelr
empioyccs, makes any warranty, express or impliod, or assumes any logal liability or respoasi-
bility for the accuracy, comploteness, or usefulness of any 'nformation, apparatus, product, or
prooets disclosed, or reproseats that its use would not iafringo privately owned rights. Refer-
¢ence herein to any specific commercial product, process, or ssrvice by rade name, tradesark,
manufacturer, or otherwise doos not nocossarily coastitute or imply its cadorsemeat, recom-
mondation, or favoring by the United Sta:es Uovernment or any agenzy thereol. The views

and opinioas of suthors expromsed herein do nol necossarily stats or reflect thoss of the
Unitod States Clovernment or any agency thereof.

By scceptance of thig at1iciy. (N puBHENG? recognizes that the U.S. GOovernmant retaing 8 NONERCIVEWG. royaity-free kNS (o PUDKCA 87 reproduce
he publighad form of this CONINDULION, Or 1O Slow Others to 90 80, for U.B. Government putpeses.

The Lot Alsmos Nationa! LEboratory fequents That the Dubligher iSentily thg ariicie 88 work performaed under I sutbices of the U § Depariment of Energy

MASTER VATHOUTION GF T ooy i u.'uu'mrs‘I
. ¢
Los AlanoS i\t



About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


Passive Research and Practice 1

PASSIVE RESEARCH AND PRACTICE*

by

J. Douglas Balcomb
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Passive-golar applications in buildings are described and examples are given tr {)lustrate how
research in the field has been approached. The major emphasis of the research has been on
devising mathematical models to characterize heat flow within dbuildings, on the validation of
these models by comparison with test results, and on the subsequent use of the models to
investigate the influence of both various design parameters and the weather on system perform-
ance. Results from both test modules and monitored buildings are given. Simulation analysts,
the development of simplified mpthods, ana systems analysis are outlined. Passive-solar prac-
tice 1s described and the key elements that have led to successful passive.-solar applications
are discussed.

KEY WORDS

Passive Solar, Research, Test Modules, Monitored duildings, Systems Analysis.

HISTORICAL PERSPECTIVE

Although passive solar applications in buildings have been extensively practiced by several
different civilizations over the period of human history, modern interast in passive solar
heating is quite recent, starting in the &arly 1970s. The number of passive solar installa-
tions has grown incredibly from & half dozen to well over 100,000 in 10 years; most are
located 1n the United States. We are now seeing major interest developing tn many other coun-
tries throughout the world, notably in France. It is certainly conceivable that within 10
Jears most new construction within the United States will utilize nassive solar tachniques for
heating, and chat this trend will become worldwide, especially in the more temperate climstes.

It 15 interesting to> note that much of this developmer.: has taken place without the -id of a
strong research program. Although passive systems developed 1n parallel with active systems,
a large research budget stimulated active system development whereas minimatl funding was
devoted to passive system research. The reasons for this dichotomy are msany and we will not
belabor them here, but 1ts existence 1s a matter of record. Even when government funaing did
materialize, 1t was airected largely toward commercialization activities rather than research.

This historice) 4ffference has strongly colored the development of passive solar cowpared with
active solar systems. Passive solar heating has dsveloped as & grass roots technology in
which cesiyners transfer concepts 1nrto practice, not only without the benefit of sophisticeted
experiments or detailed numerical analysis, but often without evan the most ruuimentary engi-
neering calculations. In this regarda, passive solar heating developmen' has been more charace
tristic of the builaing industry as a whole than of the engineariny industry. This process
has not necessarily Leen detrimental to the orderly development of passive solar tachniquas.
Kuch of the svolution has focused on intangible 13sues that are nct particyierly conducive to
4 restarch-oriented analysis. These 1ssues include concerns about aesthetics, marketability,
and the fntagration of passive s0lar construction tachniques 1nto tie infrastructurs of the

YThis work perforwad under the suspices of the U.5. Department of Eneryy, Office of Solar Heat
Technologiet.
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conventional buflaing industry. Passive solar buildings are quite forgiving of design varia-
tions and flaws; most such buildings have worked quite well, requiring a fraction of the heat-
ing requirements of conventional buildings, and their owners have becn quite satisfied.

Examples of early research on passive solar heating are rare and isolated. Researchers such
as Diet: [1) at MIT and Neubauer [2] at the University of California &t Davis c¢r ducted a few
experiments, but the results of these were neither widely known nor appre.iated. A patent was
token out by E. M. Morris [3] in 1898 for a therwosiphoning air panel, but there was no quan-
titative prediction or evaluation of performance.

This {s not to say that there had not been siynificant efforts put to the thermal evaluation
of buildings. Quita the contrary; major effurts in many countries were devoted to evaluation
of building materials an1 the analysis of heat flow through building elements. This work laid
an imgortant foundation for passive solar research today. However, 1t cannot be considered
passive solar research in 1tself because of several characteristics: (a) solar gains were
usually regarded as a nuisance, {b) heat storage in building elements was treated peripheral-
1y, if at a1, (c) the emphasis of the investigation was to provide equipment sizing informa-
tion, and, most importantly, (d) the results were rarely used to guide building design toward
better use of natural energy flows.

Passive solar heating research really began in the 1970s in direct response to passive solar
designs that had been built. The three early buildings of gredtest significance are the
wallasey School [4] by Moryan in England, the Trombe house fSJ in France, and the Atascadero
house [6) by Hay in California. Each was analyzed and evaluated by a team not associated with
their construction. M. G. Davies and A. D. M, Davies analyzed the Wallasey School from a
thermal and a sociological standpoint, respectively.[7] J. F. Robert, M. Cabanet, and 8.
Sesolis (8] evaluated, but did not analyze, the Trombe house (Robert lives in the Trombe
housel. Prior to 1ts cons-ruction, Yellott and Hay had buil: and evaluated a test siructure
based on the Skytherm® principle.[9) Following the construction of the Hay house in Atasca-
dero, California, Niles and Haggard [1U] analyzed and evaluated {ts performance. Significant-
1y, both udvies and Niles used thermal network simulation analyses to investigate the dynamic
behavior of heat flow in the structures. However, even in these cases, the work was confined
to an investigation of the particular building in 1ts particular climate, and no attempt was
made to generalize the results.

The turning noint for passive solar research was the first passive solar co. erence in
Ibuquerque in May 1976.[11] Much of the early research work was reviewed, and most of the
individuals who have subsequently contributed to the research effort were present. Since that
time, nationa) patsive solar conferences, sponsored by the American Solar Energy Society, have
served as the focal point for the presentation of research results.

RESEARCH IS3UES

Kesearch intw the thermal behavior of bufldings is an old and establishad field, and much of
the information developed is directly applicable to passive solar buildings. However, in a
passive solar neated building the thermal impact of solar on the building is enkhanced t &
point where 1t becomes the dominant thermal factor. Thus, what was a minor part of the
buildiny enorgy belance becomes aajor, and new analysis tools are needed. Also, new elaments
of the building may be added, such as Trombe walls or sunspaces, and these must be Character-
11ed. Accurately understanding the storage and distribution of solar heat within the building
becomes essential. Whereas much early work unrealistically characterized the building inside
temperature &S constant, reasonable variations are always allowed, greatly enhancing the
natural heat storage and distribution possibilities with major reductions in auxiliary heatiny
and ¢ovling requirements.

A second use of natural energy that supgments passive solar heating 1s cavlighting. This s
pcrticulcrl{ ‘mportant {n commarcial buildinys where the current practice of excessive use of
artificial 1ighting leads to hu?e intarna) gains, which, in turn, lead to large cooling re-
quiremants. By use of ratural lighting, not only i3 the lighting electricity saved, but
electricity necded for cooliny ‘s greatly reduced. Uecause naturdal lighting requires windcws,
the buildiny heat loss may increase. Also, there fs less internal heat. The combined effect
my well signal the need for passfvc solar heating. Thus, window location for daylighting
should follow practices developed for passive soler heating; the use of south-facing windows
and clerestorias becomes as & miin strotogy. what might have been an intarnal-load-dominated
situation evoives 1hto & more skin-dorinated load building requiring much less operating
energy. The alrasdy highly complex process of designing commercial buildings becomes even
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more involved when daylighting is considered and new analytical tools are needed. Daylighting
is also an important factor in residential buildings, even though it has always been taken for
granted.

natural cooling 1s perhaps the most complex pessive research area because the building 1s
thermally opened to the surroundings at times to encourage rejection of heat. Night ventila-
tion of the building is usually the most important passive cooling strategy and the one least
tractable to analysis. Radiation cooling 1s analyzed more easily and has been more carefully
researched. Earth contact cooling, although of minor importance, has «1so been the subject of
such investigation.

RESEAKRCH DIRECTIUNS

The main focus of research in passive solar h2ating has been on the performance evaluation of
buildings. Knowledge gained :hrough the understandinyg of the behavior of existing buildings
can be used both to predict the performance of future bulldings and vo devise strategies to
make them more effective. Thus, a major emphasis of the work has been threefold: (1) devel-
opment of matnematica) models that characterize heat flow and thus therwal behavior, (2) the
validation of these models by comparison with test results, and (3) the subsequent use of the
models to investigate the influence ¢f both various design parameters and weather characteris-
tics on performance.

This explanation {1lustrates how analytical modeling work has become the cornerstone ¢f the
research effort. This relationship fs shown clearly 1in the schematic diagiam of Fig. 1, which
shows the key elements of the research program and the relationship between those elements.
The logical progression of activity flows from left to right in this schematic, begiuning with
experimental results obtain~3 in test modules, special ex?erinents. or monitored buildings.
tased on these results and ..own physical principles, analytical models are developed and
validated. Using weather and solar data from a particular locality, the analytical models :zan
then be used to predict performance in & variety of climates for a variety of proposed
designs. Tne models can alsd> be used for sensitivity analyses, to develup simpl’fied predic-
tion methods, and to explore the relationship between passive solar and conservation strate-
gles. Results are published both in technical papers and as user-oriented manuals.

EXPERIMENTAL RESULTS

Test Moaules
test modules play an important role in passive research. Quite & Yarge number of
Specu\-gurpose test modules have been built to obtain data under carefully controllod condi-

;.1%\5. fforts in the US are reviewed by Moore.[12] The units serve thre¢ major purposes as
ollows:

[ Direct side-by-side comparisons of various competing stratenies.
] Obtatning data for the validation of computer codes.
. Special component tests.

8IDE- Y- 8IDE
TesT " | COMPARISONS [ weaTHER, SOLAR DATA |
ROOMS |
~——— 1t ANALYTICAL NOUH-BVL‘HOUR
T  ooeL MODELING IA-BY- e
Y
EXPERIMENTS -]
PERFOAMANGE SENSITIVITY |
MONITORED [, g
BUILDINGS EVALUATION® / ANALYSIS | ‘

3

PUBLICATIONS'

———{ SMPUFIED METHODS |
TECHNICAL PAPERS

. BALANCING
ORGIGN HANDBOOK } * CONBERVATIIN AND BOLAR

Fige Y. Schematic of the kay elements of the research program.



4 Research and Practice

Test modules are sometimes operated free running, that is, without auxiliary heat. More com-

monly, they are operated with a thermostatically controlled inside environment.

This allows

more direct comparison between units and yields a wore realistic oparating profile.

Three sizes of test units ha:z been bgﬂt: test boxes, usually about 1 m (3 ft) un a side;

test rooms, usually about 4 (40 ft

) in area; and laryer test buildings, which may have

wmore than one room. Two examples of the results of recent test room work at Los Alamos are

shown in Figs. 2 and 3.

Figure 2 shows test room performance for 1 day.L13] This fllustrates the rather dramatic

differences in the thermal comfort characterisitics of the different test rooms.

The rooms

were thermostatically controlled to 23.99C (759F), Note that the direct gain test room,
which has an inadequate mass-surface to glass-surface area ratio of 3:1, uses about the same
back-up heat as the unvented Trombe wdll; however, the thermal cuvafort characteristics of the

00— T T T 1
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DIRECT GAIN
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WATER WALL
TROMBE WALL

&
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] T
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HOUR OF DAY, JAN 25, 1982

I | 1
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Fiy, 2. Temperatures and powers measured dur1nf one sunnv day in five controlled test rooms.
5

The net load coefficient of each room
outside temperature 1s approximately 4.49 (4Q°F),

13.7 W/OC (624 Btu/OF-day).

The averaye
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Fig. 3. Test cell configurations and performance for the 1981-82 winter.
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two are radically different. The therma) performance of the phase change and water wall rooms
are quite comparable; both have selective surfaces.

These results are taken during a sunny day. To get a more accurate picture of long-terw per-
formance, 1t 1s appropriate to integrate the results over several weeks. Figure 3 shows com-
parative useful efficiencies or various test room configurations over a 25-day winter Period
in Los Alamos.[14] The average outside temperature during this period was 3.79C (38.7tF).
The rooms each have the same glazing area and building load coefficient and were thermostat-
ically controlled tc 18.39C (659F). Useful efficiency acccunts for only that energy

required to maintain the building up to 18.39C (65°F) and discounts energy associated with
building temperatures in excess of 18.39C (650F). From these results, one can see (1) the
great effectiveness of a selective surface on the outside of a Trombe wall or water wall; (2)
that a heat mirror glazing does not significantly increase performance whereas a multilayer,
high transmission glazing makes a significant improvement; (3) that natura) convection from a
sunspace to the adjacent room 1s about as effective as forced convection; and (4) that phase
change materials can be quite effective as a thermal storage wall (although many of the phase
change containers *asted at Los Alamos have shown mechanicai failure).

Moore's report identifies 77 tesi roons and 31 test buildings in the United States. They have
value not only in providing experimental data to the research community, but in demonstratiag

the effectiveness of passive strategies in different climates and serving as learning tools to
students {n a university environment.

MONITORED BUILDINGS

Numerous passive solar buildings have been monitored by various researchers with generally
encouraging results. The main programs have been those at Los Alamos, where 15 buildings were
monitorea; the National Solar Data Network (NSON), which also monitored about 15 passive solar
buildings; the Class B Monitoring System at the Solar Energy Research Institute (SERI)}, which
currently has about 75 buildings uncer study, and a Class B monitcring program in California
conducted by the California State University, which has monitored 11 buildings. In addition,
numerous individual researchers have undertaken the monitoring of one or more stiuctures.

To obtain an overall picture of the recults, we have taken data from 48 of these monitored
buildinys and pressnted the performance in a consistent format. The perfcrmance measure
chosen, although far from perfect, does give a general comparative 1dea of the effectiveness
of the varfous buildings. The results are shown in Fig. 4. Energy consumption by the build-
ing 1s dividad by the floor area and also by the heating degree days. This normalization puts
the various buildings on a reasonably Comparable basis. Thrue types of energy are distin-
guished: internal anergy (due to lights, people, and appliances), Auxiliary heat, ard iolar
gains.

Tne general conclusions that follow from a study of these and other results of monitored
buildings are as follows:

0 Building heat load coefficients in the range ot 0.83 to 1.53 W/9C n? (3.5 to 6.5
Btu/OF day ft?) are routinely achieved, alchough much laryer values are observed
for aifew buildings. The results underline the famportance of good conservation
practice.

[ Auxiliary heating requirements as low as 0.24 to 0.48 W/9C me in sunny climates
(1 to 2 Btu/OF day fté) are achievable. Values of 1-1/2 times hese levals are
routinely achieved.

. Good ovaerall pertormance 15 not especially correlated with climate, although there is
some tendency for the ;olar perforinance to be better in sunny ciimates.

. Internal heat varies widely and, in somc cases, makes a major contribution.

(] 5olar fractions of 50% or groater are often achieved. In some cases the solar per-
formance is {1lusory because losses from the gla.ing probably cqual or exceed solar
gains. It s estimated that the solyr~ savings exceeis 50% of the total 1oad in 20 of
the 48 byildings.
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MONITORED BUILDING RESULTS
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Fig. 4. Results of the monitoring of several buildings. The bars show seasonal energy
{usually for 5 or 6 months) divided by the building floor area and the actual degree
days for the season, calculated for a base temparature of 18.39C (659%F). The
black porticn of the bar denotes purchased energy; the portion below the bar is
internal energy, and the black portion above the bar is auxiliary heat. The toial
Yength of the bar is the tota) heat required by the building, determined using the
building heat load coefficient and the mcasyred inside/outside AT {ntegral. Thus, by -
subtraction, the white portion of the bar 1s the solar energy absorbed less any
ventad energy. The sta®e in which the site 1s lo.ated is indicated above the bar.
The buildings are rank ordered according to suxiliarv heat. Several buildings with
]low :nurrul heat were uncccupied but were thermostatically controlied to normal
evels.

. Other benefits should also be considered. For example, the daylighting benofit in
the Taos State Office Building ~educes the need for artificial 1ighting by at least
6(;:‘ This explafns the moderate intarnal heat observed, which is very low for an
office.

] Proper site selection and passive collector orientation ure very important to good
performance. Some systems demonstrating the worst performance are those¢ that are
sited incorrectly.

. Movable insulation can nccably improve performance and s csgocia'ny valuable in
colder climates. However, {f manually operated movable insylation s used, 1t must
be convenient, easy %o use, relfable, and kept in good working order.

. No particular passive system typc emerges as the best performer. Good thermal
design, howeve:, 1s essential.

] The overall need for purchased enaryy 1s fir less than that of typical builaings in
411 but 2 of the 48 buildings included in Fig. 4,
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® Many valuable lessons can be learned from a thorough review of monitored building
data. Although not detatled here, both positive and negative factors, which could be
reinfo: .ed or solved by better design, are uncovered in virtually every instance.

. An important deficiency of monitoring is the determination and reporting of the
quality of the indoor environment created. Comfort indices shoula be given. Also,
Vighting, humidity, ambiance, and convenience should be evaluated.

MATHEMATICAL MODELING

Thermal Networks

The response of a building to any schedule of heat input is simulated by solving a set of
differential equations that describe the heat flow from point to point within the building.
One must first select a reasonably small set of elements within the building whose temperatu.e
will be calculated. Elements that can be expected to be about the same temperature can be
Tumped together into one element. It is of particular fmportance to include a) of the impor-
tant heat-storing mass within the building in one or another of these mathematical elements.
Mas<ive portions expected to he at rather different temperatures should be characterized as

di (ferent elements.

Having made this selection, the analyst thon writes an ordinai, differential equation describ-
ing the heat balance for eacr element. This heat balance includes heat flow to neighboring
elements by radiation, conduction, )r convection, solar energy inputs, and other heat inputs.
This set of differential equations can then be solved as an initial value problem with several
independent variables including solar gain, outside temperature, dand thermostat setting.
Auxiliary heat input 1s adjusted to maintain a Jdesired temperature of one or more of the ele-
ments (tne room alr twmperature is csually the controlled element).

Other Analysis Approaches

Anotfier standard approach to building energy analysis has been the use of wefghting functions
or transfer functions (these are not to be confused with Laplace transforms or Fourier analy-
sis). bBecause the heat flow through a wall is generally assumed to behave according to a set
of linear equations, the response on one side can be characterized as a convolution of the
inputs on the other side. The convolution 15 an integral, usually performed as a summation,
of the input at each previous time interval multiplied by a weighting function, which is
essentially the response of the wall to an impulse input. The technique 1s described in
mathematical detail by Muncey.[15] Both the inputs and outputs can be either temperatures or
heat fluxes.

The weighting-function approach has been used in most large-building analysis codes because it
1s particularly amensdle to the handling of 1ightweight frame construction walls that may have
considerable structural detail. The weighting functions can be precalculated, incorporating
as much detail about the wall as desired, and entered into a table to be used throughout the
rest of the calculation. Generally there are only a few weighting-function points because the
time reponse characteristic of the wall {s fairly short. For massive walls, this computation-
2l advantage 1s not so pronounced because the number of weighting functions becomes much lar-
ger; in terms of computational efficiency, thermal network analysis then becomes more
competitive.

Weighting-function analysis 1s particularly convenient when the inside temperature 1s held
constant; however, {f it is allowed to float, account must be made with another set of weight-
ing functions, increasing the computational complexity. By contrast, thermal natwork analysis
1 hardly more complex for a floating inside temperature than for one that {s fixed.

Harmonic analysis, another computational technique that has been used by several analysts and
researche~s, provides yet another wdy of solving the same set of differential equations.[16,17)
The Fourier or Laplace transform of each equation {s ccmputed, and “he equations are then solved
algebraically in terms of the Laplace operator. Time solutions can be obtained by inverse
transformation. Used to calculate the time response of a builaing, this approach has been
primarily used by afficionados of the technique; 1t offess no particular computational advantage
over network techniques.

The priwnary dissdvantage of harmonic analysis techniques {5 thefr fnappropriateness in cases
where major nonlinearities exist. Although methods of dealing with nonlinearities have been
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developed, they are both awkward and complex, and this offsets any advantane of harmonic
analysis. For smoothly varying nonlinearities such as radiatfon heat flow, the equations can
easily be 1inea=ized around the operating point; the inaccuracy implied by this process fs
trivial for the size of temperature swings that would usually be experienced. An example of
the type of nonlinearity that cannot be accommodated is the off-on character of a thermostat;
therefore, harmonic analysis is not very suitable for determining auxiliary heat requirements.

The primary advantage of ihe Fourier transform apprcach is in investigating the response of
the system at a particular frequency. The frequency of greatest interest is the 24-hour cycle
(the diurnal cycle) because it is such a dominant and important part of tre weather input. By
such techniques one can easily study the clear-day temperature swings to be expected inside
the building.[18,19]

SYSTEMS ANA' €S

Systems analysis Includes four types of analytical investigutions: the first is the systemat-
ic study of how climate affects passive solar heating performance, the second is the study of
how changes in design parameters affect system performance in a particular locality, the third
is the development and use of correlation techniques as a simplified method of performance
estimation, and the fourth fs the development and use of a merhodology for determining the
optinal mix between conservation and solar strategies.

The Effect of Weather on Performance

Unce a simuTation modeT has been devcloped for a particular building configuration, it can be
run using hourly weather input data for any location where such data are available. Within
the United States, for example, there are 35 sites where weather data, including soler data,
have been taken and compiled by the US Weather Service. In addition, based on currelations
developed from this pr’mary data set, hourly solar data sets have been generated for some 240
sites where hourly temperature and other weather data have been taken (these are called orsatz
data). Tnis enormous cata set 1s available from the US Weather Service (Nationa) Uceanoyrajs-
ic and Atmospheric Administration, Asheville, North Carolina) in a variety of computer-
compatible medfa. It is easy ‘0 see¢ that one is limited more by the time and cost of doing
computer simulations than by available data. To study the effect of weather on performance,
simulations are run for each site for cach configuration of interest.

Simplified Hethods

It 1s now generally accepted that computer simulation will give an accurate representatinn of
the performance of passive solcr buildings, a condition that makes simulation a desirable
design tool if the designer has the equipment, the capability, and the incliration to take
this approach. But even under the best of circumstances, it is costly and time consuming.

N st designers ask for simpler techniques that arc amenable *o the use of hand calculators or
desk-top microcomputers on which estimates can be generated in a few minutes.

Correlation techniques that meet these requirements ana give reasonable accuracy have emerged
as practical procedures. These methods are particularly useful early in the design process
when quick feedback s essential; they can be applied to either residential or commercial
buildings. Both a monthly calculation--the solar load ratio (SLR) method--and an annual
calculation--the 1o0ad collector ratio (LCR) method--have “een developed. The annual method
uses tables precalculated by the SLR technique and is more appropriate to hand analysis,
whereas the monthly method is more versatile and is more appropriate to programmable calcula-
tor or microcomputer-aided analysis. Both are described in Refs. [20], EZI , and [22].

Deciding Between Conservation and Passive Solar Options
A EEcﬁnique has Deen developed to determine the optimal mix between conservation and solar

strategies.[22,23] To obtain an answer, one reeds the cost characteristics of both the
passive solar system and the energy conservatiun features. This information will generally be
in the form of the cost per R per unit arca for the wall and cei‘ing insulation, the cost per
agditional glazing for windows, the cost of reducing infiltration (including the cost of
aading an air-to-air heat recovery unit {f needed), and the cost per unit area for the passive
solar collection aperture. Given this information, the method provides simple equations that
can be used to trace the economic optimal-mix line for a particular locale.
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LARGER BJILDING ISSUES

In large buildings the energy situation is often much more complex than in smaller buildings
because internal energy generation by 1ights and equipment often provides much of the energy
required for heating and also because of the multizone character uf many large buildings. The
energy issues in the building may be dominated by co0’ing requirements instead of heating;
moreover, the operation and control of the heating, ventilating, and air conditioning equip-
ment may well be quite complex and significantly alter the overall energy-use pattern of the
builaing. The following issues are of particular importance.

Daylightin

Use og natural light during the day can significantly reduce not only the requirements for
artificial lighting, but somewhat reduce the cooling requirements because of the higher
efficiency of daylightiag. The type of analysis necessary to treat daylighting has dissuaded
most practioners from attempting to use numerical methods for design because of the complex
geometries that are typical of wost buildings. However, a number of specialized technigues
have been developed, and ongoing work will probably result in development of suitable analyti-
cal methods. Many of the methods that have been developed are suitable only for diffuse sky
conditions.[24]

The most widespread design technique is now and probably will remain the use of scale models.
These are relatively easy to build, quite representative of full-scale conditions, and give
both qualitative results (such as evaluation of 1ight quality) and quantitative results.

Balancin

Thermal balancing of a building must be done both on a space-to-space basis and also on a
time-of-day basis considering patterns of internal heat generation and occupancy. Mismatches
between the availabili:y of natural energies and the building's energy needs may result in the
need for transporting neat from space to space and for providing auxiliary heating and cooling
energy, perhaps at the same time.

Analysis Methods

Because both bullding configuration and energy issues tend to be complex, analysis codes for
large buildings must be compliex. The major computer programs that exist have evolved out of
earlier codes and utilize weighting-function analysis techniques. They contain large librar-
ies of materials properties, standard wall sections, and subroutines that characterize heat-
ing, ventilating, and air-conditioning systems. Great effort has gone into making the build-
ing description as architectural as possible, leaving the translation into mathematical terms
to special routines within the program.

inout to the computation consists of hourly measurements of weather ana solar parameters for a
location of interest. Output consists of building energy consumption, which is generally
summarized according to a number of different user-specified options. The progrems require
large computers and a very sophisticated user.

PASSIVE PRACTICE

In a remarkably short period of time “passive solar" has become part of the vocabulary of
building desigers, buyers, realtors, financiers, anrd researchers. Coined *y B. T. Rogers in
the early 1960s, the word “passive" was intentionc ly chosen to emphasize an alternative
approach to the then-popular active solar technique.

Because it employs conventional building materials and because the basi: concepts are easily
understandable, passive solar has found relatively easy acceptance among designers and
builders. In addition, there are two important groups of building material manufacturers who
have embraced passive solar as an important strategy to improve thefr pocition in the building
marketplace. These are the glazing industry and the masonry industries. In both cases, tne
increased importance of conservation techniques within the country and the tende-cy toward
adoption of ever more stringent building regulations have tended to reduce the use of both
glass and mass within the buildings because both have poor insulating properties. However,
this energy disadvantage can be turned into an energy advantage when one considers passive
solar. Glass, properly used, enhances both wintsr heating and daylighting. Mass is essentiai
to the storing of passive solar gains and {s also very helpful in the reduction of cooling
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loads during seasons when the temperatures frequently crass the comfort zone. Thus, there are
natural constituen.ies that have endorsed passive solar, greatly speeding its dissemination
across the United Stctes.

Another factor that has enhanced the diffusion of passive solar in the marketplace is, ironi-
cally, the extremely slow market conditions that beset the building industry beginning in
1979. Whereas building was previously a seller's market, with builders able to sell nearly
wnything, the downturn in market conditions resulted in a duyer's market, with a much wore
selective buying public. Concern over energy efficiency {n buildings has become a major issue
with potential buyers, and passive solar, as a visually obvious indication of energy efficien-
cy, has become an effective market strategy. In a fiercely competitive situation, it some-
times makes a difference in the marketability of a building.

Adoption of passive solar has been on a very regional basis. Characteristically, interest
begins in a specific locality, such as Santa Fe, New Mexico; Davis, California; Raleigh, North
Carolina; Portland, Oregon; upstate Maine; and Kansas City, Missouri. As a real estate prod-
uct, passive solar is highly subject to acceptan-e and csncurrence with local market condi-
tions. Typically, once acceptance is achieved, diffusion occurs outward from these centers.
Normally there is a hcpscotch effect with the more progressive areas adopting a few pascive
solar buildings early and the more conservative areas following in due course. Although
climate is an important determining factor, the willingness of the local population to try a
new approach is equally important. Once the credibility of passive solar is established in an
area, its dissemination outward begins. Passive solar is a very experiential commodity and
the marketplace relies on first-hand experience for diffusion.

Residential Practice

The results from monitored buildings give testimonv to the fact that passive solar buildings
work well. This s essential if they are to survive in the marketplace, but gcod performance
alone 1s not sufficient. Clearly, many other factors must also be correct for passive solar
buildings because they have already proven themselves in the marketplace. At a time when
energy consciousness has become a key priority for the house-buying public, passive solar
provides visible testimony that good energy performance has been a design priority. Outlined
below are some of the key factors that have emerged as effective elements of a residential
marketing strategy.

All-Sclar Subdivisions

Purchase of an Tsolafed solar building reyuires a statement of fa‘th u.likely {n any but an
early innovator. By contrast, clusters of passive solar buildings signal a trend and give
evidence to a degree of societal acceptance necessary to most people undertaking a large
financial obligation. Rather than feeling 1ike a loner, the buyer becomes part of a trend
along with his neighbors.

Another key advantage to a solar subdivision s that the developer controls the siting of all
buildings and can even writa in covenants protecting solar access.

Site Planning and Development

With a TTtiTe Torethought, good solar access can be planned into a development from the begin-
ning with no l1oss in density. Two basic stratogies have been used. In the first, a normal
rectilinear grid system is used with the street spacing east-west generally somewhat greater
than the spacing north-scth. The lots with the buildings facing the street on the south can
be somewhat shallower and wider, having good solar access because of the street. The lots
with buildings facing north on the street need to be somewhat deeper and, therefore, somewhat
narrower to obtain comparable solar access through their back yards.

A second grocedure ts more applicable to a plawned unit development and creates a more inter-
esting neighborhood and a more creative atmosphere for site planning. Streets are run 1nto
the individual lots from the north, locating garages on the north side of the house with good
solar access preserved to the south.

In both of the above plans, it is appropriate to put covenants or zoning restrictions on the
property that guarantee solar accass to every building. Also, sireets should be narrow and
shaded to mi.imize the summer heating erfect, vegetation should be located bothk to the east
and west of the buildinys to provide for summer shading and not winter shading, and good ac-
count should be made of prevailing summer winds through the site to provide natural ventilation.
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High Solar Fractions
TT a buiTding Is to be labeled passive solar, it should indeed be so. The solar savings (com-

pared with a nonsolar building having the same floor area and with comparable energy conserva-
tion measures) should be at least 40% in cloudy climates or 60% in sunny climates, and the
corresponding actual solar heating fraction should be 55% and 70%, respectively. Such a
building 1s demonstrably and visually a solar building and no apologies need t¢ be made at a
later time.

Balanced Conservation and Solar

a bu ng Is to mee. all of the other objectives Tisted, 1t must combine good conservation
practices with the solar strategfes. This means a consistent application of good insulation
practices and low air infiltration. Whether achieved by detailed analysis or simply by adher-
ence to good design guideiines, a proper mix of conservation and solar should be achieved. If
this is not done, the required solar collection area will be too large, thermal mass require-
ments for adequate heat storage will be tuo great, control will be difficult, and the building
will probably not be economic.

Gvod Thermal Comfort

Thermal comfor¢ Implies stable interior temperatures. Tk buiiding should have small tempera-
ture swings under free running conditions, that is, during times when no back-up heating is
required to maintain the building irside temperature within the cuomfort zone. Tris 1s perhaps
the most stringent of all the requirements because it means that the building must have
adequate thermal mass for heat storage, a proper relationsiip between lccetion of solar gafns
and heat storage, and effective heat distribution. However, without these essentials, the
builaing will not create the type ¢f internal environment necessary to assure adoption of
passive solar buildings ¢n a wide scale.

Residential Daylighting

The use of natural Tight provides the major rationale fur passive solar heating in commercial
buiidings. However, even in residential cituations, daylighting is an {mportant aspect of
design. Natural light adds character and 11vability to the design as well as replacing the
need for most artificial lignting during the day. Dark and uninviting inte:fors can be
avoided by the proper use of windows. By stressing the multifunction use of windows for
1ighting, passive solar heatinj, ewmcrgency egress, and ventilation, the window {is made to say
for its extra cost in many ways. Ski11ful use of windows becomes a major design element.

KHigh Quality of Construction

By adherence to the priaciples out'ined above. the designer will have already intagrated
thermal quality into the building. it iz unly coisistent to follow this up with use of good
materials and high quality of construction to assure a building that is viable over the long
term. Prospective buyers will look for this consistency and readily detect inconsistencies.
The project must manifest quality from site planning through final execution.

The increasing cost of building creates enormous pressures to comproaise on any or all of the
above ingredients 1n favor of lower cost. An even stronger element, however, is the fact that
people are economically unable to move as often as in the past and, thus, are deciding to buy
for the longer tarm. It makes 1ittle sense to undertake a major therma) retrofit »f a build-
ing only 5 to 10 years after its completion; such a retrofit will be much mcre expensive than
1f the thermal quality had been desiyned in from the beginning and 1ts effec*iveness will
1ikely be much Tess. Citing recent practice 1s an fnadequate excuse for perpetuating the poor
habits of the past. We now know how to makc buildings that use only 10 or 20% as much eneryy
as typical contemporary buildings, and the inherent longevity of all buildings places an
obligation on us to make the most of this knowledge.

Losts

Typically, the passive solar features will add 5 to 10% to the initfal construction cost of a
building. The added cost is usually 1n the range of $63-$106 per annual GJ of energy savings
($50-$750/annual mi111on Btu savings). This leads to simple payback times in the range of §
to 16 years when compared with alternative methods of heating.
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Good Real Estate Basics
K sotar buTTding cannot be used to salvage a real estate project that is otherwise flawed.

e developer must realize that real estate is a local process, responsive to local require-
menta, that standards arc set locally, that the demand and building styles are governed by
local considerations, that the market segment being addressed must be matched to the building
ana passive solar system being employed, and that 1t is ultimately the reputation of the
builder that is the basis for a continuity of sales that mark success in a cyclical market.

Mul ti famil
OnTy a Tew muitifamily passive solar butldings have been built. Most of these are two or
three stories and are condominiums or townhouses where all of the above issues are important.

Commercial Practice

ough commercial passive buildings are far less prevalent than residential passive builg-
ings, a large number heve been built. The design issues are quite different, not only because
of the importance of daylighting, but also because the character and time of use are differ-
ent. The most frequent * ‘olications have been in schools, with the next most frequent in
small office builaings. ese have seemed to be quite successful, although there have paen
few results available from monitoring.

Tre few large passive projects have been the subject of intensive investigation by teams of
architects and sngineers. The design issues are complex and are outlined in some detail,
together with several case histories, in Ref. 125].

The key issues to be considered in commercial buildings are as follows:

1. Creating a better working atmosphere. Windows, with the daylighting and smbiance they
provide, are thc key el:zment.

2. HKeducing peak utility loads. Commercial property is usually billed by an electric utility
company both for consumption (kkh) and for the monthly peak demand (kW). Often the latter
ts the larger expense, particulariy in the summer months. The combined effect of reduced
1ighting loads and the resulting reduced cooliny loads can represent a large savings.

Mass in the building can help by absorbing heat that shifts cooling loads latar in the
day, perhaps until they can be met by night-vent cooling.

3. Reducing energy consumption. Note that this is listed last because it is often the least
important of these {ssues.

Retrofits

PassTve solar additions or renovations to existing buildings have proven to be a vary impor-

tant part of pas-ive practice, especfally in the residential sector. Perhaps one-haif of the
tot:l‘?umber of applications have been retrofits. The most important strategies employed are
as follows:

o Adding south-facing windows. This provides additional direct gain to a structure that may
have very adequate thermal mass built in, aspecially 1f 1t {s an older building.

¢ Adding a solar greenhouse. The attrched solar greenhouse 1s proving to be a very popular
agdition, as much because ot the adoed food-growing potential, natura) winter humidity,
and ambiance provided as for the extra heat.

e Adding & convective-loop air heater outside an oxistin? south-facing insulated wall,
Trese are 1ightweight and {nexpensive and are especially effective because they can be
butlt to shut off at night by means of a simplc passive backdraft damper. They can be
used on apartments or other multistory structures.

o Glazing an existing south-facing mason:y wall, Thermocirculation vents can be cut through
gr n?t 45 oesired, depending on whether the buflding currently requires major daytime
cating.

A particular advantage to passive solar retrofit applications 1s that one can do a 11ttle or a
lot or do several small additions in sequence.
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The Building 1s the Product
With active solar systems, as with other heating, ventilating, and air-conditioning systems,

the designer s adding equipment io a building to serve a thermal function. Passive design is
different. The passive solar and thermal characteristics are integrated into the building
design 1n a manner that almost defies their separation. Ideally, every component of the
building serves multiple functions. The elements of shelter, heating, cooling, daylighting,
heat storage, distribution, traffic, smbiance, and aesthetics become so intermingled that a
designer must become a generalist, understanding each and melding them into a synergistic and
cnst-effective result.

SUMMARY

Pesearch in passive solar heating is centered around the investigation of energy flow in
buildings, emphasizing the collection, storage, and distribution of solar gains, and the
extent to which these effects can reduce the need for auxiliary heat within a building. Far
from being esoteric research, it has been highly motivated to produce results that are of
direct relevance to building designers. Results of the research have found a: eager audience
among practioners of passive sclar heating, and the translation of those results into design
tools has been both rapid and effective.

The basic physics of energy flow in buildings {s well understood, and the behavior of the
basic passive solar heating types 1s very precictable given knowledge of the relevant solar
and weather conditions and the factors that influence building 1oad. It 1s doubtful whether
further refinements and accuracy are warranted by the inherent uncertainties of weather and
occupancy characteristics. These remarks apply to direct gain, thermal storage wall, and sun-
space geometries.

For mixed systems anc mylt{zone situaiions, there has been l¢ss experimentation and analysis.
Pesults from many buildinys indicate, however, that the-o are not likely to be many sur-
prises. Varfous passive solar strategies seem to work well together and complement one
anothier eifectively.

Exotic designs, with the exception of the double envelope concept, have not been carefully
studied either analytically or experimentally. A variety of hybrid designs have been built in
which air neated in one portiun of the building (freauently a sunspace) {s ducted either
through & rock hed or through holes formed in the masonry structure of the building. These
seem to have worked well, but there has been 1ittl: generalized irvestigation.

To date, passive sclar design has consizted largely of reconfiguring traditional building ele-
ments to make more effective use of the building for the collection, storage, and distribution
of solar heat rtunction. There has been 1ittle research in.o improving those elements so that
they might better serve these functions. Recent systems analysis[26] has indicated that net
performance can be approximately doubled through the use of elemants with improved thermal and
optical characteristics.

Continued research can be expected to play an important role in the future development of
passive solar heating. Areas of particular importance are materials research, building
evaluations, and performance analysis.

Materials research and development can play a« significant role in developing new products or
variations on 0ld products that will stgnificantly improve tic¢rmal performance and comfort.
The area offering the greatest opportunity for improvement is in glazings and apertures. It
should be possible to improve transmittance, to greatly reduce heat 10ss, <nd to inCreaie the
controllability of the apertura. It may also be possible to more effeciively utilize opaque
sections of the building skin for solar collection,

Improvements in heat-storage characteristics of the building will probably be realized largely
through improved use of conventional materials within the building obtained through a better
understanding of the role of butlding configuraticns on heat storage and dissribution.
Although phase change materials remain an ever-popular field for research effort, they have
had negligible impact on the uiilization of passive solar heating to datw.

The most important role of bufldir, evaluations 1s fn the assessment of the effectiveness of
tachninuas under fiald trial. There seems to be no lack of ideas being tried by inventors and
1t {5 1mportant that thesea 1deas receive a fair and dispassionate evaluation.
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Performance prediction, based on soundsghysica1 principles, is essential 1f passive solar
heating is to develop in an orderly fashion. Research results combined with practical experi-
ence will merge into design tools that are simple to use but comprehensive encugh for wide-
spread application. Intuition plays an Important role in the evolution of new concepts, but
it is only through the applicaticn of scientific techniques that research can sort out wishful
thinking from sound and effective methods.
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